Evidence is provided that Skagerrak Coastal Water (0-30 m off Arendal) during winter and spring is a physical mixture of two main water masses entering the Skagerrak: Jutland Coastal Water (average 75%) and Kattegat Surface Water (average 25%). Jutland Coastal Water is itself composed of German Bight Water and Southern/ Central North Sea Water. These water masses contribute on average 55% and 20%, respectively, to Skagerrak Coastal Water. Inorganic nutrient concentrations are largely determined by the concentrations in the parent water masses, with Kattegat Surface Water contributing 6-20% and German Bight Water 60-80% to the nitrate concentration, and 20-30% and 40-50% to the phosphate concentration, respectively. The rest originates from Southern/Central North Sea Water. Observed nitrate concentrations, and the N:P ratio, off Arendal during this time of the year have approximately doubled since the 1980s. Very similar results were obtained when calculating the expected concentration based on the relative contributions of the parent water masses, which suggests that the increase in Skagerrak Coastal Water is mainly caused by the increased nitrate concentration in the German Bight. Available data suggest that the large inter-annual variability in nitrate concentration in the Skagerrak area is partly explained by river run-off to the southern North Sea. Variability in phosphate and silicate was much smaller and apparently less dependent on run-off. 1998 International Council for the Exploration of the Sea
Introduction
Eutrophication (input of anthropogenic nutrients) has been identified as an issue of concern for the Skagerrak/ Kattegat area in Anon. (1993) and North Sea Task Force (1993) . In late April 1988, prior to the bloom of the harmful alga Chrysochromulina polylepis, a large body of water with high nitrate concentrations, relatively low phosphate concentrations and virtually depleted silicate content was found in the inner Skagerrak and in the Kattegat, which on the basis of hydrographic characteristics was identified as originating from the southern North Sea (Aksnes et al., 1989; Skjoldal and Dundas, 1991) . Thus, the Jutland Coastal Current (JCW) appears to constitute a major link between the eutrophicated waters of the southern North Sea and the stratified waters of the Skagerrak and Kattegat.
The mean annual freshwater supply to the Skagerrak from the Baltic Sea and the Kattegat is estimated at 15 000 m 3 s 1 . In addition, a large fraction of the 4500 m 3 s 1 of continental river discharge to the North Sea passes through the area. Thus, the total freshwater supply has been estimated at 22 000 m 3 s 1 , with direct river run-off into the Skagerrak accounting for 10% (Gustavsson and Stigebrandt, 1996) . Freshwater input to the Kattegat from the Baltic and to the southern North Sea reaches a maximum in winter and a minimum in summer, whereas local river run-off in the Skagerrak area has a maximum during May/June and a winter minimum.
Annual mean nitrate concentrations in the German Bight have been higher during the 1980s by a factor of 2-3 than during the 1970s (Hickel et al., 1993) . In contrast, phosphate concentrations almost doubled during the 1960s and 1970s, followed by a decrease after 1982. The present average winter concentrations of nitrate and phosphate in January-March are 37 and 1.2 mmol m 3 , respectively. Nitrate supply to the German Bight is highly dependent on river run-off, while phosphate is not. The different trends in the two nutrients have led to increased N:P ratios since the early 1980s (Hickel et al., 1993 (Hickel et al., , 1995 . Because of the cyclonic water circulation in the North Sea, the nutrient-enriched waters along the continental coast are carried to the Skagerrak by the Jutland Coastal Current, the main inflow occurring in autumn and winter due to prevailing south-westerly winds (Pedersen et al., 1988; Danielssen et al., 1991 Danielssen et al., , 1996 Poulsen, 1991) .
In Kattegat surface water, flowing northward into the Skagerrak, increases in nitrate and phosphate concentrations have been considerably less, and concentrations are much lower than in the German Bight and JCW. Since the 1970s, the average nitrate concentration in winter has increased by about 40% (from 5 to 7 mmol m 3 ) and phosphate by about 16% (from 0.6 to 0.7 mmol m 3 ). The winter concentration of inorganic nitrogen is positively related to local freshwater run-off. In contrast to coastal southern North Sea waters, inorganic nutrients in Kattegat Surface Waters (KSW) decrease rapidly during March and April (Andersson, 1996) .
In order to understand variability and trends in inorganic nutrient concentrations in the Skagerrak Coastal Water (SCW) off Arendal during winter and spring, we aim to quantify the influence of KSW and continental coastal water, to present evidence for long-term changes, and to evaluate causes of inter-annual variability. 
Observations and definitions
Inorganic nutrients, temperature, and salinity were observed regularly about every 4 weeks from 1975 to 1990 in SCW off Arendal, which we define as the 0-30 m depth zone. After 1990, observation frequency was increased to every two weeks. Since 1980/1981, also nutrient and hydrographical observations have been made monthly at Anholt in the Kattegat and off Hirtshals, and since 1988 during regular cruises in late April in the Skagerrak, Kattegat, and off the Jutland west coast (Fig. 1 ). Temperature and salinity were observed by CTD-sonde (Neil-Brown) and inorganic nutrients were analysed by standard methods using an autoanalyser.
The observations at Anholt in the 0-10 m depth zone are considered representative of KSW, whereas the 0-30 m depth range off Hirtshals (Hirtshals Water; HW) represents the last phase of JCW just before entering the Skagerrak. In addition to our own observations, mean (or typical) nitrate and phosphate concentrations and salinities of German Bight Water (GBW; considered to be representative of continental coastal water in general), Southern/Central North Sea Water (S/CNSW), and KSW have been taken from the literature (Aure et al., 1990; Kö rner and Weichart, 1992; Hickel et al., 1993 Hickel et al., , 1995 Andersson, 1996) .
Here, we are concerned mainly with the conditions during the first part of the year, and will use 'winter' for the January-February period and 'spring' for March-April.
Results and discussion

Influence of the southern North Sea and Kattegat
The upper 30 m of SCW off Arendal is to a large extent a product of mixing of water which flows into the Skagerrak along the northern Danish coast off Hirtshals and KSW. Evidence can be derived from plots of mean concentrations of nitrate vs. salinity for three stations ( phosphate at the three stations (R 2 >0.8), indicating that biological processes have minor effects on nutrient concentrations during transport and mixing. Assuming that SCW is a physical mixture of HW and KSW, the proportions of the contributing water masses calculated from their mean salinity (Table 1) were on average 75% HW and 25% KSW.
Assuming conservative behaviour, nutrient concentration in SCW (N SCW ) depends on the salinity of the contributing inflowing water masses to the Skagerrak (S KSW and S HW ), salinity off Arendal (S SCW ), and nutrient concentrations off Hirtshals (N HW ) and in the KSW (N KSW ) according to:
Using mean values of the parameters for the period since 1980 (Tables 1 and 2 ), the mean contribution of nitrate from HW to SCW off Arendal is estimated at 80% and 94% in winter and spring, respectively. This provides evidence that in an average year the inflow of JCW is the dominating source of nitrate to the upper coastal water off Arendal during winter and spring. The average contribution of phosphate from HW is estimated at 70% and 80% in January-February and March-April, respectively. Using the same methods, the salinity/nitrate characteristics of HW fall approximately on the straight line ( Fig. 2b ) that connects typical values for GBW and S/CNSW. The high linear correlation indicates that the water off Hirtshals during this time of year is largely a mixture of continental coastal and southern and central North Sea Water. Phosphate and salinity were also Using the rationale underlying equation (1), the nutrient contribution of GBW and S/CNSW to the nutrient content of HW can now be determined and, consequently, to the nutrient content of SCW (Table 3) . In winter and spring of an average year, SCW appears to consist of less than one-third of KSW, of more than half of S/CNSW, and of approximately one-fifth of GBW. As a consequence of the differences in nutrient concentrations between the three water masses, the contributions of each source to the nutrient content in SCW are not the same as the mixing fractions, with more than two-thirds of nitrate and somewhat less than half of phosphate originating from GBW. For KSW, the contributions are less than one-fifth for nitrate and approximately one-quarter for phosphate.
The observed nitrate concentrations during winter and spring off Arendal in the period after 1980 were about twice as high as during [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] (Table 2) , while changes in phosphate were small. Consequently, there is a marked increase in the N:P ratio, particularly during spring. About 90% of the increased ratio is caused by the increase of nitrate in GBW after 1980.
Based on the methods discussed above, expected values were calculated for HW during the first period and for SCW during both periods ( Table 2 ). The close agreement between observed and calculated concentrations and trend is strong evidence that the major source of the increase in nitrate concentration (and N:P ratio) is the transboundary transport of nutrients from the coastal area of the southern North Sea. The Kattegat contributes to a much lesser degree, while the contribution of local inputs appears to be relatively low (Skjoldal, 1997) .
With the method used to calculate the contribution from upstream water masses, it is possible to predict the effect of reductions in nutrient inputs. With a 50% reduction in nitrate concentration in waters along the continental coast, the nitrate concentration off Arendal is expected to decrease by about 20%. However, concentration and N:P ratio during winter and spring would still be higher compared to the situation prior to 1980.
Long-term changes
In the upper 30 m off Arendal, the observed winter/ spring concentration of nitrate has been considerably higher since 1990 compared with the average over the period [1975] [1976] [1977] [1978] [1979] [1980] (Fig. 3) . As discussed above, this increase largely reflects the increased nitrate concentrations in GBW since 1980. A maximum increase of 160% (3 to 8 mmol m 3 ) has been observed in March, while the average increase over the winterspring period has been about 100%. Differences in phosphate between the two periods have been small. The unbalanced supply of anthropogenic nutrients to the Norwegian Skagerrak coast has led to increased N:P ratios from January to May, with a maximum in April (from 11 to 27).
Inter-annual variability
Inflow of JCW, which carries the anthropogenic nutrients from the German Bight into the Skagerrak, is most frequent in autumn and winter because of predominant south-westerly winds in the North Sea. The annual maximum of the inorganic nutrient concentrations (and N:P and N:Si ratios) in the German Bight is also in winter and early spring (Hickel et al., 1993 (Hickel et al., , 1995 . A plot of nitrate against salinity in individual samples over the surveyed area off the Jutland west coast in late April reveals that JCW is by no means a homogeneous body of water. In some years an approximately linear relationship exists, indicating that nitrate concentration is largely determined by physical mixing (Fig. 4) . The negative relationship reflects the dominating input from river run-off to the southern North Sea. For phosphate, there was no clear relationship within individual years and for silicate only in 1994 (maximum of 13 mmol m 3 at 31.5 psu).
Mean nutrient concentrations and their ratios showed large inter-annual variations (Table 4 ). The highest nitrate concentrations (up to 40 mmol m 3 ) were observed in 1994, when there was very high freshwater input to the German Bight (Fig. 5) . In April-May 1994, the highest nitrate concentrations (90 mmol m 3 ) since 1962 were observed within the German Bight (Hickel et al., 1995) . In contrast, the maximum concentration in JCW in April 1996, after a relatively dry winter, was only 7.0 mmol m 3 . Differences in river run-off seem to have much less impact on phosphate and silicate concentrations, except in 1994. The excess of nitrogen in present anthropogenic inputs is reflected in high N:P (average 113) and N:Si (average 41) ratios, compared to the Redfield ratios of 16 and 1.06, respectively. The highest ratios were observed in 1993.
To get an idea of the annual load of nutrients in JCW, we used a volume of 350 km 3 (from Esbjerg to Limfjord; corrected for salinities<34.0; Aure et al., 1990) and the annual average concentrations during 1988-1996 (Table 5) . The values obtained for nitrate range from 20 000 in 1996 (a dry year) to over 100 000 t in 1994 (a wet year), with an average of 60 000 t. For phosphate and silicate, the average quantities are 2000 and 12 000 t, respectively.
The northward flow of JCW into Skagerrak is estimated to vary between 0.05 and 0.2 10 6 m 3 s 1 (Anon., 1993) . For an estimated total volume of 350 km 3 , the residence time would be between 20 and 80 days. This suggests that, under favourable south-westerly wind conditions during winter and early spring, the transport time scale of JCW from the northern border of the German Bight to the south-western corner of the Skagerrak is approximately 1 month
The highest average nitrate concentrations (about 40 mmol m 3 ) in the upper 30 m off Hirtshals were observed during late winter and early spring in 1994 and 1995 (Fig. 6) , both years during which river run-off to the southern North Sea had been high (Fig.  5) . In contrast, maximum nitrate concentration was reduced to about 10 mmol m 3 in 1996, when freshwater input was low. Run-off from the Elbe, Ems, and Weser in 1994 peaked in January and high nitrate concentrations arrived at Hanstholmen at the southwestern border of the Skagerrak during the first part of February 1994 (AErtebjerg and Damsgaard, 1994) . Thus, the timing of these events supports the conclusion reached above that transport time of water from the German Bight to the Skagerrak is in the order of 1 month. In March and April, extremely high nitrate concentrations were observed both outside Hirtshals and off Arendal, with maximum concentrations at 20-30 m (Fig. 7) . Figure 8 shows the great difference in N:P ratios off the Jutland west coast and off Norway between 1994 and 1996, when freshwater input to the German Bight was with high and low, respectively.
The yearly maximum of silicate off Hirtshals varied between 6 and 20 mmol m 3 . Similar to nitrate, the highest concentrations were observed in 1994 and 1995, the lowest in 1996. In contrast to nitrate and silicate, inter-annual variation in phosphate was relatively small (0.8-1.1 mmol m 3 ), with maximum concentrations often occurring at the turn of the year (Fig. 6) . Thus, variability in freshwater input to the southern North Sea seems to exert a minor influence on maximum phosphate Figure 5 . River run-off from Elbe, Ems, and Weser, 1987-1996. (Bundesanstalt fü r Gewasserku, Koblenz -Germany.) concentrations off Hirtshals. The maximum N:P ratio varied from 14 in 1996 to 60 in 1994 and 1995. Seasonal patterns and inter-annual variability in nutrient concentrations off Arendal were very much like the patterns observed off Hirtshals (Fig. 9) , particularly in respect of the effects in years with relatively high and low run-off in the German Bight. 
